In polymer material development, we often need to optimize some physical and chemical properties simultaneously. On the other hand, there is no established method to predict some different properties of polymers by the same approach. In this study, property values of various polymers were collected from the literature. Their relevance was considered by hierarchical clustering. PLSR models were constructed which predicted density, glass transition temperature, and dissolution parameter using descriptors obtained from the monomer unit structure information. R 2 of the models were 0.88 ~ 0.97. The concept of informatics has shown the possibility to predict different polymer properties in a similar way.
Introduction
Polymers are used in a wide variety of applications as materials for various products. In industrial development of polymer materials, it is often necessary to optimize multiple physical / chemical properties such as thermal properties, solubility in various solvents, density, corrosion resistance, etc. However, polymer material development is often more complex than small molecular compound and often has difficulty in estimating physical properties that are important for development of novel materials.
In the group contribution method [1] , it is hypothesized that a characteristic partial structure (an example of an atomic group) contained in a compound makes a certain contribution to physical properties, and the entire physical properties are estimated as their summation. The method can be also applied to polymers.
However, some properties needs to empirical parameters to be estimated and there are no standard approaches for different physical properties uniformly.
There are a lot of studies to predict physical properties of polymers by computer simulations [2] . For example, in the method of Molecular Dynamics (MD), the motion of atoms is considered, and a force field model is constructed to simulate the behavior of polymers mainly based on the physical mechanics without thinking about chemical reactions. However, sometimes it has difficulty in parameter setting to match actual experiments, and the calculation needs large computational costs in some cases.
In contrast, quantitative structure property relationship (QSPR) methods have studied to estimate various physical properties of the polymer such as glass transition temperature (Tg) [3] [4] [5] [6] [7] , thermal decomposition temperature [8] , refractive index [9] , dielectric index [6] , intrinsic viscosity [10] , etc. In these studies, properties could be predicted from topological descriptors.
As described above, various studies have been made to estimate different properties of polymers separately, but from an industrial point of view, it is also useful that a simple method is developed for predicting or understanding different polymer properties easily. In the present study, we performed hierarchical clustering to examine relationships among 34 polymer properties using 49 polymers and create regression models of molecular properties by 108 molecular descriptors based on partial least square regression model (PLSR).
Materials and Methods

Polymer property data
The data of polymer name and their various properties were collected from The Properties of Polymers [1] . From the tables in this book, there were 641 polymer species and 171 physical properties. However, there were many overlapping including alias names, it is needed to be cleaned. After data cleansing, 49 polymers and 34 properties (with some missing values) are selected. Table  1 shows a list of physical properties. About experimental values, some properties included several different experimental values. In such cases, the averaged values were used.
Preparing descriptors for property estimation
It is difficult problem how to describe polymer structure. In the field of materials informatics, there are a lot of method to obtain molecular descriptors for polymers have been proposed but generally it is difficult to directly describe the polymer structure.
It should be needed to consider that the characteristics of the repeating structures mainly determine the character of polymers. In this research, we tried to use monomer unit structure instead of polymer structure. Figure 1 shows a comparative example of monomer and polymer structure. There are differences between monomer units and polymer structures (such as double-bond carbons exists or not in Figure 1 ) and the effect of end-group unit is ignored. However it is simple approach worth considering.
The monomer unit structure was converted to the SMILES [11] structure formula. SMILES is structural expression notation that expresses a chemical structure by one-dimensional string information, and is often used in the field of chemoinformatics. It is difficult to express all information of polymer structure directly but it is easy if monomer structure.
Polymer descriptors
We used molecular descriptor generation software and prepared molecular descriptor data for property estimation. Dragon 7 [12] , a commercially available descriptor generation software was used, and only those related to the structure in the category of "Constitutional index" and "Topological index" were used. These are descriptors which are obtained relatively simple calculation based on the type and number of constituent atoms (for example, the number of carbon atoms), bonding mode (for example, the number of single bonds and double bonds) and other topological information. However, considering the polymer data set which we used for this research, descriptors with three or fewer numerical levels are excluded in the process of cleansing. The list of descriptors finally used is shown in Table 2 . Thus, 108 types of descriptors corresponding to 49 polymers were prepared.. 
Multivariate methods
Hierarchical clustering
Hierarchical clustering, Ward's method [13] was carried out to comprehensively understand relationships among 34 property data of 49 polymers and those among the polymers of the property data.
Partial Least Square Regression
We performed to create mathematical models for relating three polymer properties, i.e., the density ( ρ ), the dissolution parameter ( δ ), and the glass transition temperature (Tg), by 108 descriptors generated from the monomer structure. We tried to predict these three parameters by PLSR (Partial Least Squares Regression) [14] . The descriptors used in this study is based on the 2D structure information calculated by Dragon 7. Numerical values from various points of view were calculated from the same SMILES structure. So several descriptors included duplicate information for each other, and they may be related with each other. In fact, when we confirmed the correlation matrix for the data, many of the prepared descriptors contained strong correlations. In the case of a strong correlation among the explanatory variables called multi-collinearity, ordinary multiple regression analysis cannot be used directly. However, in the case of PLS, it is not necessary to select variables, and they can be used directly.
Since the number of data is relatively small (49 data), LOOCV (Leave-One-Out Cross Validation) was applied to the data. It should be noted in this dendrogram that clusters can be characterized based on the monomer unit structures, i.e., (i) polymers containing fluorine and chlorine were classified in close position (A); (ii) polymers which had large molecular weight monomer unit, for example poly (deca (ethylene sebacamide)) and poly (decamethylene terephtalate), were classified in close position (B); and (iii) the polymers with characteristic functional groups such as methacryl groups were classified close (C). Thus, the properties of the polymer strongly related with the molecular structure of the monomer unit.
Results
Relationships of polymer based on properties
We also elucidated the relationships among properties. As seen in Figure 3 , it can be confirmed that the experimental and the calculated values for the same property are classified at closely related. Furthermore, it can be confirmed that theoretically related parameters such as Tg, heat capacity and thermal expansivity are classified in close positions (e.g, boxed portion of Figure  3 ). Table 3 compares the number of components used in the models, root mean square error (RMSE), R (correlation coefficient), and R 2 (determination coefficient) for each target property value.
Polymer property estimation based on PLS regression
For each model, the value of RMSE went down to a certain point and increased thereafter. In PLSR, it is necessary to determine the number of components to be used in the model. This time, the number of components to minimize the value of RMSE was selected. R 2 for PLSR models were 0.97 for ρ and 0.93 for δ.
These were relatively good. In contrast, Tg is relatively low determination coefficient, R 2 = 0.88. Among the original data of Tg, there is data having a width of 353 K to 373 K, and this variety of experimental value would possibly affect the prediction accuracy. 
Discussion
In the comparison of PLSR models for estimating three properties, , , and Tg, the number of components of the model of δ and Tg is much large than  and the values of the R 2 of δ and Tg is lower than . This Table 2) .
indicates that predictions of δ and Tg are relatively complex.
Non-linear models using a neural network were applied to predict Tg based on the repeating unit structure information of a polymer [5, 7] . Tg has a non-linear relationship with topological descriptors. The descriptor used in this present study was derived from the 2D structural formula of the monomer unit. When preparing descriptors for chemical structures, there is a problem whether only 2D information should be handled or 3D structure information also should be taken into account. However, strictly speaking, if 3D-descriptor was used, it should be considered more complex information such as the optimal conformation calculated by quantum chemical calculation and information on higher-order structure including entanglement of polymer. If all these pieces of information are needed to be calculated, it leads to take expensive cost or several properties are impossible to be calculated accurately. Moreover, it is difficult to verify whether the 3D information matches the actual experimental system or not. If information differs from the experimental system, it will make worse property in created models. In the present research, we decided to study using only 2D molecular information. This would lead to the reliability of not giving uncertain or incorrect information to the model.
In the case of an actual polymer, there is the structural difference of the polymerization site and the influence of the higher order structure such as average molecular weight, molecular distribution and entanglement of polymer and so on. These effects appear more strongly on Tg and δ than ρ.
Considering coefficients of parameters on PLSR models, e.g., in the prediction model of ρ, descriptors which had large coefficient were the number of halogen atoms and parameters related to electronegativity, etc. In contrast, in the prediction model of Tg, descriptors such as the ratio of carbon atoms to the whole, the number of multiple bonds, the number of sp 2 carbons, and the number of aromatic rings had large coefficients. Thus, appropriate descriptors were selected for each property model. By the present approach, it could be possible to consider different property estimations in the same strategy for creating PLSR modeling. It may be helpful industrially to easily predict different physical properties without preparing several simulation programs by using the concept of informatics.
Conclusive Remarks
Data of 49 types of polymers consisting of 34 properties were prepared based on the literature [1] . The relationship between polymer type and properties was analyzed by hierarchical clustering. Several properties are reflected by the structure of the monomer unit. For these polymers, descriptors were calculated from the 2D SMILES information of the monomer units and the physical properties were estimated. The prediction model by PLSR was obtained for three different property values. Data-driven approaches, i. e., accumulation of molecular data concerning polymers and selection of optimal models for predicting individual polymer properties are needed strongly in development novel polymer materials fundamentally.
